The current major difficulties are to establish accurate models to perform real-time simulation of soft tissue deformation for virtual palpation system, which is the contradiction between accuracy and real-time. This paper proposes a method that uses the parameters of the finite element method to estimate the elastic coefficient of mass-spring model and introduces the damping coefficient to rewrite the Euler integral, then builds a virtual palpation system for simulation. The experimental results show that the method is accurate while the real-time performance is guaranteed.
Introduction
Medical robotic system is one of the most active and fastest developing fields of robotics research in the world [1] . Palpation is a means of diagnosis and treatment of an unknown area of the organ tissue by the doctor. Adding force feedback to the medical robots to builds a virtual palpation system, can greatly increase the efficiency of doctors and improve the practical value of medical robotic system. A virtual palpation system include soft tissue model, collision detection, deformation rendering and force feedback devices. The current research focuses on soft tissue modeling. Soft tissue model plays a critical role in the entire palpation system. Because of the unique material properties of the soft tissues, it is always difficult to establish a soft tissue model with high simulation. The current methods of soft tissue deformations can be divided into two categories: geometry-based and physics-based [2] . Physics-based model can better reflect the properties of soft tissue under external force. A variety of models have been produced, typically with Mass-Spring Model (MSM), Finite Element Model (FEM).
The mass-spring model appeared in the 1990s and was the first physical model proposed [3] . It discretizes the soft tissue into large number of mass points, which are connected by springs. The typical dynamic motion of the MSM model is described by Newton's law. The finite element method continuously divides objects into finite units and each unit is connected by nodes to realize the conduction of motion and force. Significant research efforts have been dedicated to modelling of soft tissue deformation. Choi [4] uses a multi-layer mass-spring to establish a soft tissue deformation model, which effectively compensates for the defects of the single-layer model. Zhang Xiaorui [5] proposed a layered rhombus-chain-connection model. San-Vicente [6] discussed the mechanical properties of cubic MSM under tension and proposed a spring stiffness estimation method for both linear and nonlinear materials. There are also many improved mass-spring models [7, 8, 9, 10] . Chanthasopeephan [11] reduced the dimension of the finite element model without reducing the accuracy of the feedback force. Khalaji [12] proposed a statistical finite element model. Tagawa [13] proposed a rectangular tetrahedral adaptive mesh based on synchronous rotating FEM. Cotin [14] compresses the linear matrix system produced by the volume finite element model to decrease computation time.
The mass-spring model has good real-time performance but poor accuracy, while the finite element [15] . How to balance the accuracy and real-time of soft tissue deformation is an urgent problem to be solved. A good way is to combine the two models and use finite element method to estimate the elastic parameters of massspring, and to improve accuracy while ensuring real-time performance.
Model Formulation

Mass-Spring Model
The model commonly used to describe soft tissue behavior is Kelvin-Voigt mass-spring model [16] . When an external force is applied, the force of each influenced mass point is expressed as:
are mass, displacement vector and the external force at particle i.
Fd are represent spring elastic force and damping force. They are described by:
where s k is the stiffness of springs, d k is the damping coefficients.
ij ij v
x , and 0 ij x are respectively the displacement, velocity vector and the initial length of the spring between particle i and j. Their difference indicates the length change in the spring.
For the FEM, the kinetic equation of two particles can be given by:
ε σ , stands for the stress and stain of two particles,respectively. E is the Young's Modulus of soft tissue. A is the cross-sectional area of FEM units.
Parameters
An important reason for the lack of mass-spring accuracy is that the selection of the parameters is purely empirical. So we use finite element method to estimate the elastic parameters of the massspring. Comparing Eq(1) and Eq(4), we can obtain:
In most cases d k is much smaller than s k , here we ignore the damping coefficient d k . By combining Eq(2) with Eq(5) we obtain Eq (7):
According to the research results of previous [17, 18, 19] , the Young's Modulus E is not constant. Based on Eq (7), s k has similar change trend with E . The typical stress-strain curve is divided into two regions: linear region and nonlinear region. To better characterize soft tissue properties, we assume that the segmentation relationship between stress and strain is as follows: 
Integration
In order to perform real-time deformation simulation, it is necessary to dynamically calculate the displacement and velocity of the next moment. The Euler integral method is a commonly used numerical solution method for real-time simulation. The explicit Euler integral is unstable, especially for large steps. Implicit Euler integrals can solve the stability problem of explicit Euler integrals [20] . Since the damping coefficient is neglected in the estimation of the parameters, in order to better simulate the soft tissue characteristics, we reintroduce the damping coefficient
to decelerate the velocity. At the same time, the calculation of force using implicit Euler integrals is difficult, so the explicit Euler integral is still used in calculation velocity. The final integral formula are as follows:
The force t F applied on particle i is computed at any time t , where t ∆ is the iteration time-step defined in advance. The displacement and velocity at time 
Collision Detection
For realistic graphical display, collision detection is needed. Collision detection is determined between the force feedback device and the surface of the soft tissue model to find the nearest node to the collision point, and then an external force is applied to the particle. We calculate the displacement and velocity with the integral method mentioned above and update the location each time. Real time deformation is simulated.
Experiments
Experiments have been conducted to evaluate the performance of the proposed method. Performance evaluation focuses on soft tissue deformation effects and typical mechanical properties.We used the hardware platforms that include Geomagic Touch force feedback device which came from the 3D System Company, a computer with Intel(R)Core(TM) i7-4790 CPU @3.60GHz, 8GB RAM and acer LCD, as shown in Fig.1 . All the experiments were developed with C++ and OpenGL on Visual Studio 2013. The virtual scene setting and force feedback effect came from the OpenHaptics. The surface model of soft tissue is constructed using OpenGL. When the force F is applied to the surface, the value of F will changes with time t . After the stabilization, the magnitude of the applied force F and the displacement data of the pressing portion are recorded. At present, the parameters of biological tissues are obtained from uniaxial indentation experiments [18] [21] . In order to compare with the actual measured values, the data of our experiments is also performed in only one direction. That is, the Z-axis direction.
Results and Discussion
The display of the deformation process of a surface of soft tissue is shown in Fig.2 . It contains 625 (25×25) nodes, and the deformation has relatively high reality. With the force-feedback devices, the force can be driven to the user. Fig.3 In reference [21] , the author gives the maximum and minimum values of force-displacement data for real soft tissue (liver). As can be seen from the Fig.3 , the force response of our model is within this range, which shows better accuracy. In terms of real-time, the refresh rate must be more than 25 frames per second [22] . The frame rate of our model is shown in Fig.4 , it is basically more than 100 frame per second, fully able to meet real-time simulation and virtual display. 
Conclusion
In this paper, we use the finite element method to estimate the parameters of the spring-mass model, then introduce the damping coefficient to rewrite the Euler integral formula in the deformation simulation. In comparison with the previous MSM, our model has higher accuracy. Compared with the experimental data reported by reference, our model shows a certain accuracy, and the real-time simulation frame rate reaches more than one hundred, which can fully meet the real-time performance. Another contribution we make is that it provides a comprehensive framework for virtual palpation, from system design to implementation. In the future we should evaluate the effectiveness of the method on more complex models not only a surface.
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